The attachment of radioisotope-labeled Mycoplasma pneumoniae to hamster tracheal rings in organ culture was examined by radioautography and liquid scintillation counting. Radioautographs of individual rings exposed for 8 h to [3H]thymidine-labeled virulent M. pneumoniae revealed a dense extracellular collection of emulsion grains along the luminal surface of epithelial cells. Similar exposure of rings to isotope-labeled avirulent M. pneumoniae resulted in no accumulation of emulsion grains. The numbers of attached virulent mycoplasmas, as measured by liquid scintillation counting of infected rings, were found to increase in a nearly linear fashion over an 8-h incubation period. Viability of the mycoplasmas and metabolic integrity of the tracheal rings were important for optimal attachment. Pretreatment of rings with neuraminidase or sodium periodate significantly impaired organism adherence. These data suggest a specificity of interaction between virulent M. pneumoniae and tracheal epithelial cells that can be further examined through the use of isotopically labeled mycoplasmas.
The attachment of radioisotope-labeled Mycoplasma pneumoniae to hamster tracheal rings in organ culture was examined by radioautography and liquid scintillation counting. Radioautographs of individual rings exposed for 8 h to [3H] thymidine-labeled virulent M. pneumoniae revealed a dense extracellular collection of emulsion grains along the luminal surface of epithelial cells. Similar exposure of rings to isotope-labeled avirulent M. pneumoniae resulted in no accumulation of emulsion grains. The numbers of attached virulent mycoplasmas, as measured by liquid scintillation counting of infected rings, were found to increase in a nearly linear fashion over an 8-h incubation period. Viability of the mycoplasmas and metabolic integrity of the tracheal rings were important for optimal attachment. Pretreatment of rings with neuraminidase or sodium periodate significantly impaired organism adherence. These data suggest a specificity of interaction between virulent M. pneumoniae and tracheal epithelial cells that can be further examined through the use of isotopically labeled mycoplasmas.
Mycoplasma pneumoniae is the only mycoplasma species known to cause disease of the human lower respiratory tract (12) . An understanding of the pathogenesis of this disease has been greatly facilitated through in vitro studies of hamster and human tracheal organ cultures infected with M. pneumoniae (7, 8, 9, 16) . These studies have shown that M. pneumoniae is an extracellular parasite that attaches to the ciliated epithelial cell surface by a specialized tip structure and induces metabolic and ultrastructural alterations within the infected cells that ultimately result in ciliostasis and cell death. Although the precise pathways leading to cytotoxicity are as yet unknown, it is clear that attachment of M. pneumoniae to the cell surface is a crucial step. The ability to fully examine this important step in disease pathogenesis has been hampered by an inability to quantitate the rate and extent of M. pneumoniae attachment to isolated tracheal rings. Following the suggestion of Collier and Baseman (10) that radioisotope labeling of organisms might provide the means for quantitation, this study was undertaken to develop a highly reproducible system for labeling of M. pneumoniae with radioisotope and to examine the attachment of such organisms to tracheal rings in organ culture.
MATERIALS AND METHODS
Isotopic labeling of organisms. Cultures of virulent M. pneumoniae M129B9 (17) were grown to log phase in complete Hayflick medium (15) . Fifty milliliters of the culture was centrifuged at 14,000 x g for 30 min, and the pelleted mycoplasmas were resuspended in 50 ml of fresh Hayflick medium. The suspension was thoroughly mixed and filtered through an 0.45-gm Millex disposable filter (Millipore Corp., Bedford, Mass.) into a 240-ml acidcleaned glass prescription bottle (Sani-glas, Brockway Glass Co., Charlotte, N.C.). Tritiated thymidine (Schwarz/Mann, Orangeburg, N.Y.; specific activity, 50 Ci/mmol) and/or tritiated uridine (International Chemical and Nuclear, El Monte, Calif.; specific activity, 21 Ci/mmol) were added to a final concentration of 10 MCi/ml, and bottles were incubated flat side down for 48 h at 37 C to permit attachment and growth of virulent mycoplasmas as a monolayer. After 48 h, the lawn of glass-attached mycoplasmas was washed five times with 10-ml aliquots of phosphate-buffered saline (PBS), pH 7.2, and scraped off the glass with a rubber policeman into 2.5 to 5.0 ml of fresh isotope-free Hayflick medium. This final suspension was passed through a 25-gauge needle three times and given a 2-to 3-s pulse of sonication at 15 kHz (Branson Sonifier, model 960 POWELL ET AL. sion used in these studies contained 2,500 to 5,000 counts/min per 10 /l of medium, representing 10' to 106 colony-forming units (CFU) of mycoplasmas.
Cultures of avirulent M. pneumoniae M129B172 (18) were isotope-labeled during growth in liquid media, since these organisms do not adhere to glass (10, 17) . A filtered suspension of organisms was grown to log phase in the presence of 10 /Ci of 13H]thymidine per ml and washed free of unincorporated radioisotope by several cycles of centrifugation and dispersion. After the final wash, organisms were dispersed in 2.5 to 5.0 ml of fresh isotope-free Hayflick medium and adjusted to a cell density and specific activity comparable to the virulent strain.
For measuring M. pneumoniae viability, 10-fold dilutions in PBS were plated on standard pleuropneumonia-like organism agar plates and incubated for 14 days in 5% CO2 with air at 37 C. At this time plates were overlayed for 48 h with 5% sheep's blood in Noble agar and examined for hemolytic zones around colonies. Results are expressed as CFU per milliliter.
Organ culture. Preparation of tracheal rings followed previously described procedures (5) . Briefly, adult Syrian hamsters were anesthetized with 15 mg of sodium pentobarbital intraperitoneally and exsanguinated by intracardiac puncture. The neck and chest were drenched in 70% alcohol, and the trachea was isolated and dissected free from surrounding tissues. The excised trachea was sectioned transversely through each cartilage ring with a no. 15 scalpel blade to obtain rings of tissue with an inner surface lined by ciliated epithelium. Rings were maintained overnight at 37 C in plastic dishes (10 by 35 mm) containing Eagle minimal essential medium before use.
In some experiments, individual tracheal rings were fixed in 10% buffered Formalin (pH 7.2) for 30 min at 4 C. After fixation, rings were washed overnight in running tap water and then rinsed in PBS before attachment studies.
To characterize attachment sites on the ring surface, tracheal rings were incubated for 30 min at 37 C in microtiter wells (Linbro Chemical Co., New Haven, Conn.) containing 0.1 ml of either 1 U of glucose oxidase per ml (Sigma Chemical Co., St. Louis, Mo.), 1 U of galactose oxidase per ml (Sigma), 100 U of neuraminidase per ml (Sigma), or 0.1 M sodium periodate (Fisher Scientific Co., Atlanta, Ga.), all diluted in PBS. Treated rings were rinsed in two changes of PBS before incubation with radiolabeled mycoplasmas.
Attachment of radiolabeled M. pneumoniae to tracheal rings. Fifty microliters of isotopically labeled M. pneumoniae was placed into individual wells of a Linbro round-bottom microtiter plate. Tracheal rings were removed from Eagle minimal essential medium or PBS wash and blotted briefly on a piece of sterile Whatman filter paper, and individual rings were placed into separate microtiter wells containing organisms. Plates were covered with clear tape and incubated at 37 C in 5% CO2 and air.
To terminate infection at timed intervals, rings were removed from the microtiter well, blotted briefly on filter paper, and rinsed in two changes of PBS. Rings were then processed for either scintillation spectrometry or radioautography. For liquid scintillation spectrometry, rings were digested overnight in 0.2 ml of Protosol (New England Nuclear Corp., Boston, Mass.) in tightly capped glass scintillation inserts. Two milliliters of Omniflour (New England Nuclear, Boston, Mass.) in toluene was added for counting in a Packard model 3320 Tri-Carb Scintillation Spectrometer.
For radioautography, rings were fixed in 2.5% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for 60 min at room temperature. The rings were washed and secondary fixation was carried out in 1% OsO4-veronal acetate buffer (pH 7.3) for 90 min at 4 C followed by dehydration and embedding in Epon. Thick sections (0.25 ,um) were cut on an LKB ultramicrotome with a glass knife and mounted on microscope slides. The slides were coated with Kodak NTB2 nuclear tract emulsion (Kodak, Rochester, N.Y.), stored in lightproof boxes for 3 weeks at 4 C, developed in Kodak D-19, and stained with Richardson stain. For high-resolution radioautography, thin sections were cut with a diamond knife, stained with uranyl acetate, mounted on parlodion-coated slides, and dipped in Ilford L-4 emulsion. After 3 months of incubation at 4 C, the slides were developed in 1% paraphenylenediamine after gold latensification (21) . The parlodion was stripped from the slides into water, and the thin sections were transferred from the parlodion to grids for inspection in an AEI electron microscope.
RESULTS
Radioautography of attached organisms. Figures 5B and 5C demonstrate the decrease in attachment that occurred when Formalin-fixed rings were incubated with normal organisms or when normal organisms and normal rings were incubated at 4 C for 4 h. At this temperature, ciliary activity of the tracheal rings was markedly decreased, but mycoplasma viability was unaffected. Figure 5D demonstrates that maximum inhibition of attachment occurred when normal rings were incubated with radiolabeled M. pneumoniae heat-killed at 56 C for 30 min. 
DISCUSSION
The ability of M. pneumoniae to attach to epithelial cells of the human lower respiratory tract appears to be a prerequisite for disease production (12) . Other human mycoplasmas that colonize the upper respiratory tract, but have little or no tropism for tracheal epithelial cells (5), have not been shown to cause lower respiratory disease in humans (6) . Recent transmission electron micrograph studies of human sputum obtained during the acute stages of mycoplasma pneumonia have shown that M. pneumoniae in its natural infective state is a single, filamentous microorganism that attaches to ciliated epithelial cells by a specialized terminal organelle (11) . One of the aims of the present study was to prepare an in vitro suspension of highly labeled mycoplasmas that would closely approximate the natural infective state of M. pneumoniae. It is well documented that in broth cultures, M. pneumoniae grows into spherules consisting of masses of organisms, a growth stage unlike the natural infective form (1). M. pneumoniae grown on a glass or plastic surface will maintain its filamentous identity for several days, although most organisms become branched or intertwined with adjacent filaments (2), and microcolonies consisting of aggegates of mycoplasmas are apparent within 24 to 48 h of growth. In the present study, a short pulse of sonication was used to disperse glass-grown branched organisms and microcolonies. Furness et al. (14) have shown that pulses of sonication of log-phase broth cultures will increase the CFU of M. pneumoniae by seven times, due to dispersion of aggregates. The effectiveness of this procedure in our study INFECT (14) .
The importance of organism concentration on the rate and extent of M. pneumoniae attachment to rings supports previous data from Collier and Baseman (10) . In their studies, the concentration of organisms added to tracheal rings was inversely correlated with the number of days for ciliostasis of the infected rings to occur. Cherry and Taylor-Robinson, studying infected chicken embryo tracheas (4), have shown that M. gallisepticum, a natural respiratory pathogen of poultry, did not have a similar dose-response curve when the onset of ciliostasis was quantitated. This suggested the importance of an epithelial cell toxin that could presumably be produced in adequate quantity by a small concentration of M. gallisepticum. Because of repeated unsuccessful attempts to reveal a toxin produced by virulent M. pneumoniae (unpublished data), and given the findings of the present study, it would appear that the number of M. pneumoniae directly attached to the tracheal epithelial cells has a significant bearing on the rate of development of host cell damage.
The mechanism of attachment of virulent M. pneumoniae to either glass or mucosal membranes remains obscure. The impaired attachment noted with Formalin-fixed rings, killed mycoplasmas, and incubation at 4 C suggests the importance of the metabolic integrity of both mycoplasmas and ciliated cells for optimal attachment. Bredt (3) has shown that M. pneumoniae cannot be removed from glass with ethylenediaminetetraacetic acid or ethylene glycol bis(beta-aminoethyl ether)-N,N-tetraacetic acids, but can be removed by trypsin and probably other proteases, suggesting a protein-linked bond. Sobeslavsky and colleagues (22) demonstrated that neuraminic acid receptor sites are involved in adsorption of erythrocytes and tracheal epithelial cells to M. pneumoniae colonies. Collier and Baseman (10) noted a 40 to 60% decrease in attachment of M. pneumoniae to neuraminidase-treated hamster tracheal rings. In the present study, treatment of tracheal rings with glucose oxidase or galactose oxidase failed to decrease attachment, whereas neuraminidase or sodium periodate resulted in greater than 50% reduction. Novogrodsky and Katchalski (19, 20) have shown that treatment of human lymphocytes with NaIO4, or a combination of neuraminidase and galactose oxidase, caused oxidation of surface polysaccharides to form free surface aldehyde radicals. The radi-VOL. 13, 1976 on October 26, 2017 by guest http://iai.asm.org/ Downloaded from cals could then react with surface amino acids of other lymphocytes to form a Schiff base, binding the two membranes and therefore increasing membrane association. Presumably these oxidants have a similar effect on ciliated cells, i.e., oxidation of surface polysaccharides. Since this alteration impairs rather than augments attachment of M. pneumoniae, it appears that a different mechanism exists for membrane adherence of virulent M. pneumoniae to respiratory cells.
The techniques developed in the present study offer satisfactory methods for further analysis of biochemical and immunological parameters affecting the attachment of M. pneumoniae to tracheal rings, and for screening and developing mycoplasma strains for vaccine purposes.
